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We present angle resolved photoemission spectra for Cu(100) and Cu(111) singly crystals in 
normal emission geometry, taken at tightly spaced intervals for photon energies between 8 eV 
and 150 eV. This systematic collection of spectra gives unprecedented insight into the 
influence of the final states to the photoemission process as well as the band structure and 
lifetimes of highly excited electrons in Cu. 
 
Introduction 
 
Angle resolved photoemission has been developed since 35 years ago as a method to 
investigate the band structure of the electronic states in solids and at surfaces (1-5). With the 
use of a continuously tunable excitation source, such as synchrotron radiation, it has become 
the experimental method of choice, when the momentum resolved energy band structure in 
solids, including their surfaces, are to be investigated in detail.  
 
Initially all the spectrometers used in the experiments were designed by the individual groups 
interested in this experimental field, whereas by now there are several commercial 
instruments available (6, 7), which offer an over time constantly increased performance and 
resolution down to about 1 meV. Simultaneously to the instrumentation development, also the 
theoretical description of the process has undergone a continuous improvement. From the 
original three step model (8) to the understanding that the final state of the electron that is 
detected corresponds to the manifold of states that are observed in LEED (9-13). Taking the 
symmetry of the crystal and the detector position into account, powerful selection rules were 
derived which govern the photoemission process (14,15). Once band structure data were 
available, the theoretical descriptions were refined to overcome shortcomings or errors in the 
theoretical predictions. Initially this centered around the correct prediction of band gaps in 
semiconductors (16) and the prediction of metallic or nonmetallic behavior in the ground state. 
Even though these refinements are quite extensive and a lot of effort has been devoted to this, 
the correct treatment of electron correlation effects is still incomplete even if it is described by 
carefully chosen parameters (17). This leads to the well-established observation that the 
agreement between theory and experiments is much better for metals than for oxides. 
 
Initially in experimental investigations most of the attention was devoted to gain information 
about the initial state of the photoemission process, in order to derive the occupied band 
structure of solids. Single crystalline Cu is and was the model system, where the technique of 
ARPES was tested and developed (19-26). The agreement with the calculated band structure 
was almost too perfect, even when the resolution of the experiment was improved (27-32). 
Applying the same methodology to Ni however, it immediately became apparent, that the 
situation is more complex (33). In the presence of strong electron correlation effects, the 
photoemission spectral function is observed, where the peak positions do not immediately 
reflect the ground state calculated bands anymore. This had been theoretically formulated by 
Hedin and Lundquist (34,35) and was quantitatively confirmed by studying the fairly simple 
band structure of an ordered CO adsorbate layer (36). This however means that now the 
relative peak intensities and line shapes have to be used in the interpretation, rather than the 
simple peak positions. Theory has advanced meanwhile to a state, where these spectral 
functions can be calculated under certain approximations and then compared with the actual 
photoemission data (17, 37-39). The agreement between theory and experiment for correlated 
magnetic solids however is far from perfect at present (40). 
 
As a challenge to the state-of-the-art theory we here present photoemission data, taken in 
normal emission from Cu (111) and Cu(100) surfaces for photon energies varying between 
about 8 eV and 150 eV. The rationale behind that is that Cu should be much more simple to 
calculate than other transition metals. Cu presents (almost) no correlation effects and thus it 
should be more straightforward to compare the intensity variations of the spectral function as 
a function of the excitation energy with the theory. If theory fails to accurately reproduce 
these variations, then there is little hope that the much more complicated other transition 
metal systems can be represented accurately at the present state. 
 
A second emphasis of this paper however is to get quantitative information on the electron 
self-energy or lifetime in the excited state. Concerning the electron self-energy and lifetime, 
theory is much more advanced than experiment (41-44). From early band structure 
measurements there are only a few data points on Cu available both from photoemission and 
inverse photoemission studies (24, 25, 45, 46).  Beyond these studies, the real time resolved 
measurements using laser excited electrons and holes (47-49) only cover a very small energy 
range, due to the limitations in laser photon energies. Additionally surface state lifetimes have 
been measured by STS (Scanning Tunneling Spectroscopy) (50). Our goal here is to provide 
more systematic data by identifying direct transitions in the angle resolved (normal) emission 
from Cu (111) and Cu (100) oriented single crystals and to derive the lifetime width of the 
final state using the same formalism as previously established (24, 41, 43). Coupled with the 
group velocity of the electrons, this also gives an estimate of the effective escape depths. 
 
 
Experimental 
 
The photoelectron spectra were recorded with the SCIENTA R4000 hemispherical electron 
spectrometer in the iDEEAA end station (51) at Berlin’s newest synchrotron radiation facility: 
Metrology Light Source (MLS), located in the Willy-Wien-Laboratorium of the Physikalisch-
Technische Bundesanstalt (52). The high degree of p-polarization (99.5 %) was delivered by 
the IDB undulator beamline. Hereby the monochromator combines normal incidence (NI) 
with grazing incidence (GI) geometries and allows for monochromatic radiation from 
approximately 1.5 eV–10 eV in the NI mode and 10 eV–280 eV in the GI mode. The flux is 
about of 1012 photons/s at a 100 mA ring current and the resolving power is better than 900 
(GI mode) and 2500 (NI mode). The spot size on the sample is about 1.7 mm horizontal and 
0.1 mm vertical. The spectra were taken with the electron spectrometer at a pass energy of 
Epass = 20 eV, resulting in an electron energy resolution of 15 meV. The angular resolution 
was chosen to be ± 0.14 degrees by integrating the signal over the appropriate number of 
channels on the detector.  
 
Sample preparation and orientation 
 
The samples were prepared by several sputtering and annealing cycles and the cleanliness and 
order of the surface was verified by measuring the dispersion of the surface state (on Cu 
(111)). The Scienta electron spectrometer is mounted such that it takes a full angular spectrum 
of ± 7 degrees in the horizontal direction, whereas in the perpendicular direction we had to 
rely upon the mechanical mounting of the crystal and the manipulator (51). Measuring the 
surface state dispersion curves of the Cu (111) crystal surface we estimate the vertical angle 
to be aligned with an accuracy better than 0.5 degrees. Since identical mounting and sample 
holders were used for the Cu(100) crystal this estimate also holds for this surface. The angle 
of incidence of the light was 45° and the polarization was p-polarized in the plane of detection 
of the analyzer. This polarization enables us to observe all direct transitions possible in 
normal emission geometry as postulated by the selection rules (14, 15). 
 
 
Results and discussion I  –– band structure; initial and final states 
 
The normal emission spectra of Cu(100) and Cu(111) are shown in Fig. 1 for a series of 
photon energies between 8 eV and 150 eV. The intensity is presented as a false color plot. 
The color scale is linear and the gray horizontal lines indicate separate data sets. For each of 
the panels separated by the gray lines the spectra were taken consecutively during one 
injection. The spectra were normalized by integrating the emission current from the Au 
metallic coating of the last mirror in front of the sample to a preset value. This emission 
current was not scaled to reflect the incoming photon flux. This enables us to show these 
spectra using one color scale over the entire range of photon energies. At the boundaries 
between the data sets the integrated photoemission intensity was carefully matched. 
 
  
 
Fig. 1 (a) Left side:  normal emission photoemission from the (100) surface, displaying the band dispersion 
along the Δ-axis; (b) Right side: normal emission from the (111) surface displaying the band dispersion along the 
Λ-axis. The gray horizontal lines denote the regions of spectra measured during one injection. Moreover, the red 
dashed, vertical lines indicate the position of the cuts shown in the second part of the paper. 
 
In order to facilitate the discussion, we show the bandstructure of Cu as originally calculated 
by G.A. Burdick (54) in Fig. 2. As the excitation energy is varied, the direct transitions shown 
in the spectra in Fig.1 occur at different points of the Δ (Λ) axis of the bulk Brillouin zone, as 
postulated by (parallel) momentum conservation.  
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Fig. 2 Calculated bandstructure of Cu and band symmetries in a non-relativistic notation adapted from (54). 
 
Based upon a simple interpolation and free electron like final state approximation with an 
inner potential of 11 eV (45), we expect to observe the emission from the Γ-point of the bulk 
band structure for photon energies around 41 eV in Fig. 1 a) and 30 eV and 135 eV in Fig. 1 
b). The X-point emission is observed for photon energies of about 10 eV and 100 eV in Fig. 1 
a), and correspondingly the L-point emission is observed around 74 eV photon energy in Fig. 
1 b) 
We immediately notice that this simple final state approximation does not describe the 
emission features seen in Fig. 1 completely. While the emission from the L-point is observed 
at photon energies around 70 eV in Fig. 1b, the reappearance of the same band features at 
photon energies around 85 eV are not described by this model. This refers to both the top of 
the d-band emission, at a binding energy around 2.20 eV, which corresponds to the L3-point 
of the bulk band structure as well as the feature around a binding energy of 5.4 eV which 
corresponds to transitions involving the highest binding energy Λ1 band. The exact location of 
this transition within the Brillouin zone is not quite as well determined as the top of the d-
band, since this Λ1 band has fairly flat regions throughout the Brillouin zone which 
correspondingly have a high density of states. The topmost point of the d-band (in this crystal 
orientation) however is only reached at or close to the L-point.	  	  
	  
 
Fig. 3: Normal emission energy distributions obtained from Cu (111) at photon energies 50 ≤ hν ≤ 98 eV using 
p-polarized light. The highlighted spectra at photon energies of 68 eV and 82 eV are discussed in the text.  
 
In order to investigate this in more detail we present a few selected spectra showing 
transitions close to the critical points of the bulk band structure. Fig. 3 shows the emission for 
a long sequence of photon energies ranging from 50 eV to 98 eV. The analogous information 
is contained also in the false color plot in Fig. 1 b), but here the actual spectra are shown. The 
lowest binding energy peak, at EB = 0.45 eV corresponds to the emission of the well known 
surface state in the center of the (111) surface Brillouin zone (SBZ). The next peak, which is 
composed of two emission features at 2.1. and 2.3 eV binding energy, originates from the 
uppermost Λ3-band at the L-point, which is split by spin orbit interaction into two components. 
Analogously the two features at a binding energy of 3.6 eV and 3.8 eV are due to the emission 
of the lower Λ3 band at the L-point. Finally the feature at a binding energy of 5.4 eV is due to 
the emission from the lowest Λ1-band near the L-point.  
 
The intensity maxima for the various emission features around or slightly below a photon 
energy of 70 eV are readily explained within the free electron final state approach. As a first 
approximation this works quite well. The additional maxima at lower energy or above 80 eV 
photon energy however do not fit into this picture. Before we discuss this any further however, 
we want to look at emission from the other critical points of the band structure, Γ and X. 
 
Fig. 4: Normal emission energy distributions obtained from Cu (111) at photon energies of 28 eV (top, blue 
circles) and 114 eV (bottom, green diamonds) and from Cu (100) at photon energy of 43 eV(middle, red squares) 
using p-polarized light. 
 
The emission from the Γ-point is observed for both crystal orientations. Fig. 4 shows spectra 
taken at a photon energy of 28 eV and 114 eV from Cu(111) and a spectrum taken at 43 eV 
excitation energy from Cu(100). The two lower energy values fit quite well to a free electron 
final state, as discussed above. The curves were chosen by monitoring the dispersion of the 
bands rather than by using the free electron final state approximation. We note here that the 
high energy final state Γ-point is about 20 eV lower than the free electron energy estimate. In 
the (100) orientation the transitions are located at the Γ-point, when the Δ5 band reaches its 
maximum value of binding energy at about 3.7 eV. Analogously, in the (111) orientation the 
Γ-point is reached, when the upper Λ3-band has a maximum in the binding energy at about 2.8 
eV. The assignment of unique transitions in the Brillouin zone based upon observations for 
different crystal surface orientations and at well-defined emission angles has been used quite 
early on (23, 55, 56).  This procedure was named triangulation method. In the spectra shown 
in Fig. 4 the top d-band emission around 2.8 eV binding energy is observed as a narrow single 
peak, whereas the second, higher energy d-band clearly exhibits two components at 3.4 and 
3.7 eV binding energy due to spin orbit splitting. While the intensities of the direct transitions 
vary considerably for these spectra, the assignment is supported by the fact that the same peak 
positions are observed for all these spectra. The existence of the shoulder at binding energies 
around 2.3 eV points to the fact that other states are contributing to the photoemission process, 
which do not fit into the simple free electron final state approximation. This shoulder could be 
due to ‘Umklapp’ scattering or caused by coupling of high initial density of states regions to 
evanescent electron final states in the surface region of the crystal. It would be a challenge to 
theory to see, whether all these features, including the changes in the relative transition 
strengths for the different photon energies and sample orientations, can be correctly 
reproduced by present, state of the art calculations. 
 
The emission from the X-point, on the other hand, is only observed in normal emission from 
Cu(100). In the energy range we are presenting here the X-point is reached twice within the 
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free electron final state approximation. Once at or below 10 eV excitation energy and the 
other one taken at a photon energy of about 110 eV. The latter assignment is corroborated by 
the series of spectra presented in Fig. 5, where it can be seen that only in a narrow region 
around 110 eV excitation energy the dominant features observed are the topmost d-band 
emission between 2.0 and 2.4 eV binding energy in conjunction with the s-p band emission at 
5.2 eV binding energy. Interestingly at only slightly lower photon energies the spin-orbit 
splitting of the topmost d-band into three components is clearly recognizable in the spectra, 
while the Δ1 band that crosses the Fermi level near the X-point is only faintly recognizable. 
This band is better visible in the false color representation in Fig. 1 a). Additionally there is 
always a weak emission seen at binding energies between 3.5 and 4 eV. This cannot originate 
from transitions near the X-point, but, as the false color representation in Fig. 1 shows, 
emission at this binding energy is always observed almost independent of the excitation 
energy. The higher binding energy part of the d-band has a fairly flat dispersion over large 
ranges of the Brillouin zone and accordingly a large density of states is found at binding 
energies between 3.5 and 4 eV. The emission from these states has to originate from non free 
electron like final states contributions to the photoemission process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Series of normal emission spectra from Cu(100) taken for photon energies between 98.5 eV and 139 eV. 
The highlighted spectrum at excitation energy of 110 eV is discussed in the text.  
 
Moreover and very much to our surprise, the spectra shown in Fig. 5 also display pronounced 
variations for relatively small changes in excitation energy. At an excitation energy of about 
110 eV (kinetic energy of 100 eV), a change of the excitation energy by 10 eV corresponds to 
a change in normal momentum of 0.26 Å-1 which is only about 15% of the reduced 
momentum along the Δ-axis (ΓX=1.74 Å-1). The EDC’s displayed in Fig. 5 are taken for 
increments of 1.5 eV in photon energy. Accordingly a 10.5 eV change occurs over 7 curves. 
Or in another reference scale the all spectra shown in Fig. 5 cover the normal momentum 
range from X – 18%ΓX to X + 40%ΓX. In the extended zone scheme we are probing a region 
around a normal momentum of 5.2 Å-1, which corresponds to the second X-point in the 
direction of the surface normal. Inspecting the calculated band structure (see Fig. 2), very 
little dispersion should be observed in the d-bands for an approximate 30% change in reduced 
momentum along the Δ-axis around the X-point. Especially we do not expect any emission 
from a state at a binding energy around 2.8 eV, which is indicative for transitions more than 
45% ΓX-momentum distance away from the X-point in this sample orientation. However 
within a 10 eV change in excitation energy around the X-point, a well distinguished feature at 
a binding energy around 2.8 eV is observed.  The finite angular acceptance and possible 
misorientation by 0.5 degrees (see above) amount to much smaller uncertainties in the 
momentum determination of less than ± 0.1 Å-1. Final state symmetry changes around the gap 
at a critical point in the bandstructure could in principle account for drastic changes in the 
observed transition intensities. However, as was pointed out quite early (14,15), in normal 
emission geometry the wavefunction of the outgoing electron in vacuum has to be totally 
symmetric under all symmetry operations. Depending on the surface orientation this 
corresponds to either Δ1 or Λ1 symmetry. This puts quite severe constraints on the 
wavefunction matching in the surface region. Moreover, the feature at a binding energy of 2.8 
eV is observed with comparable intensity upon approaching the X-point from either direction.  
 
On the positive side this clearly indicates that the final state structure has a pronounced effect 
on the measurements even at kinetic energies more than 100 eV above EF. The spectra 
unambiguously show transitions which cannot be assigned by assuming a free electron final 
state. The structure of the electronic states inside the crystal or in the surface region 
introduces pronounced contributions to the photoemission process even at these fairly high 
energies. This has to be taken into account, whenever spectral intensities are calculated. The 
detailed coupling of the initial state energy bands inside the crystal to all existing inverse 
LEED states of the outgoing electron that is actually detected in vacuum is absolutely crucial 
for a proper description of the photoemission features. This not only concerns the spectral 
intensity of the major features, but more distinctly the appearance of peaks and shoulders, 
which are associated with emission from points in the Brillouin zone, which cannot be 
assigned within a simple free electron like final state approximation. We want to point out 
that this observation is not restricted to the (100) surface orientation of the sample. The 
spectra in the direction of the (111) surface normal show quite similar effects and this 
information is contained in the false color plots presented above in Fig. 1a and b.  
 
From the early days angle resolved photoemission from Cu has been the ‘gold standard’ to 
develop the method and to actually experimentally determine the dispersion relation of the 
electronic bands in a solid and on its surface (19, 20, 23, 24, 25). Soon it was recognized that 
this experimental method works exceptionally well for Cu, while for other transition metals, 
for example Ni, the agreement between the measured electronic states in photoemission and 
the calculated bandstructure was far from perfect (33). This was attributed to electron 
correlation effects. As soon as the outgoing electron interacts too strongly with the other 
electrons in the crystal, these interactions give rise to additional structures in the spectra and 
energy shifts of the observed features. The photoemission measurements actually reflect the 
spectral function of the emitted electron, which reflects not necessarily the ground state of the 
remaining system, but specifically also excited states to the degree they are populated in the 
photoemission process. For very simple systems, where only two different final states are 
involved, this can be corrected for already in the analysis of the experimental data (36), but 
for more complex system with multiple excited states the help of theory is required for a 
proper analysis and interpretation of the spectra.  
 
Resonant photoemission, which can also lead to distort the spectral intensities and cause 
additional satellite structures is relatively weak in Cu. Furthermore the corresponding satellite 
structures are located at energies between 10 eV and 15 eV below EF, well outside our range 
of observations (57). The core level excitation thresholds of the Cu 3p and 3s core electrons 
are located at 75.0 eV, 77.7 eV and 122.4 eV. 
 
By now theory has been developed to take electron correlation effects into account and 
theoreticians engaged in calculating photoemission spectra rather than band structures. This 
has been tested in some detail for the first row transition metals Fe, Co, and Ni (40), but the 
agreement between the measured and calculated spectra was less than satisfactory. We hope 
the data presented here will be taken as a challenge to improve upon these theoretical 
calculations, in a case, where electron correlation effects are much less severe than for the 
magnetic transition metals. 
 
 
Results and discussion II –– final state self energy and electron lifetime 
 
As it was demonstrated before (24, 45), measuring the intensity of a well known interband 
transition at a defined point of the band structure as a function of excitation energy allows to 
determine both the initial state hole and final state electron lifetime or self energy. These self-
energies have been calculated for energies up to more than 100 eV, however experimental 
data is extremely scarce and limited to only low energies (42). For very low energies these 
lifetimes have been measured by time resolved two photon photoemission, but in these 
experiments the excitation energy is limited by the wavelength of the (optical) pump laser 
pulse. Also at the surface, image state lifetimes have been determined using this technique 
(47-50). 
 
 
 
 
 
 
Fig. 6 Intensity of selected features in the EDC 
maps (Fig.1b) plotted as a function of the final 
state energy. These curves are obtained by cuts 
along vertical lines in Fig. 1b, i.e. at a constant 
initial state energy. Additionally, in order to 
account for the differences in initial state 
energies, the curves are plotted on the final 
energy scale (Efin = Eph – Ein). The bottom (light 
green) curve shows the emission profile of the 
well known surface state, whereas the middle 
(green) curve shows the emission from the L3 
point and the top (red) curve shows the 
intensity profile of transitions located at the L1 
point. The very complex shape of these curves 
is at certain energies locally approximated by 
fitting Lorentzians to small regions as indicated 
by the blue curves. The fit parameters (energy 
position, FWHM) are listed in Table 1.  
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The data shown in Fig. 1 additionally enable access to the determination of the electron and 
hole lifetimes. Using vertical cuts through these data, the intensity of certain transitions as a 
function of the photon energy can be mapped. The crucial point in the analysis is to be able to 
have a well-defined assignment for the transitions that are observed. Therefore lets start by 
evaluation the intensity of the surface state emission from the center of the Brillouin zone of 
the (111) surface. This has been published early on (25) but was not evaluated in detail. The 
green (bottom) curve in Fig. 6 shows this intensity variation for photon energies between 20 
and 150 eV. 
 
Fig. 6 also shows the intensity variations of other band features associated with the emission 
near the L-point of the bulk band structure for photon energies between 20 eV and 150 eV 
photon energy. The surface state emission intensity clearly shows a different profile than the 
other emission features. The surface state emission displays a clear maximum for excitation at 
a photon energy of 66 eV with two distinct shoulders at 58 eV and 80 eV photon energy. The 
maximum of this emission has been reported and discussed before (25). Interestingly both of 
these shoulders are also present in the earlier data, but were not discussed, probably because 
of the statistical uncertainties. The peak in the surface state emission at 66 eV photon energy 
is attributed to the fact, that the outgoing final state wave function has a wavelength, which 
corresponds to the lattice plane distance along the (111) crystal axis. The initial surface state 
wave function is distributed over about three to four lattice planes and the matching of the 
contributions of the emission from all these planes is optimal, when the final state has the 
appropriate wavelength (25). 
 
While for the surface state the coupling is strongest for a photon energy of about 66 eV, the 
emission associated with the transitions from the upper and lower d-band at the L-point (L3 
and L1 in non-relativistic denomination) displays a different intensity profile. Remarkable 
however is that the observed structures align fairly well according to the final state energy. 
This clearly indicates that the final states for these transitions are largely the same, whereas 
the relative coupling, as described by the transition matrix elements, changes. Moreover we 
have to keep in mind, that the surface state and the bulk features may couple differently to the 
available final states. For bulk states, the transitions predominantly are into bulk final states, 
which exist in the bulk solid and couple to inverse LEED states near the surface of the crystal. 
For the surface state there is an enhanced probability to couple directly to the inverse LEED 
states, even when these have highly damped evanescent amplitude in the direction 
perpendicular to the surface. In the energy range between 66 and 86 eV above EF at least three 
different final state bands exist at or near the L-point, which have a major (111) momentum 
component, i. e., they lead to photoemission along the surface normal of the (111) oriented 
crystal. 
 
We have carried out a components analysis of the complex curve showing the intensity of 
certain initial state features in the photoemission process. Local maxima of these curves have 
been fitted by Lorentzians as indicated in the Fig. 6 by the numbered peaks. The rationale for 
this is that both the initial state as well as the final state of the transition are characterized by a 
lifetime or self-energy and the line shapes are Lorentzians, excluding other (i.e. phonon) 
broadening contributions (41). Starting with the surface state, the initial state lifetime 
broadening is on the order of about 24 meV as determined by scanning tunneling 
spectroscopy (STS) (50). Accordingly the peak width in the fits in Fig. 6 is essentially due to 
the final state liefetime or self-energy. This width increases from about 1 eV at lower energies 
(10 to 20 eV) to almost 10 eV around 70 eV and even more for higher energies. Table 1 lists 
the essential fit parameters such as peak position and width for the components used to model 
the complex function of intensity vs. excitation energy for all transitions observed for the 
(111) oriented crystal. 
  
Obviously the angular (momentum) resolution and the slope (group velocity δE/δk) of the 
bands have to be accounted for in extracting the lifetimes, since they all contribute to the peak 
width observed for the transition, however the major factor responsible for the large increase 
in width with photon energy is by far the change in lifetime of the final state. The broadening 
due to the group velocity and finite angular resolution can be estimated by assuming a free 
electron like final state band. This actually results in an upper bound for this contribution to 
the linewidth, since the actual slope of the bands will generally be smaller than the free 
electron bands. This especially holds for transitions near critical points where the slope 
approaches zero. The slope of a free electron like final band is given by 
 
     δΕ/δk  =  2E/k 
 
Accordingly the broadening due to the finite angular resolution can be expressed as 
 
      ΔΕ =  2E Δk /k = 2E sin (δΘ) 
 
For an angular resolution of δΘ = ± 0.14o this relates to ΔE = 0.01E . 
  
This means that the maximum linewidth contribution due to the finite angular resolution and 
group velocity of the final state bands is about 1% of the final state total energy. This is much 
smaller than other systematic error contributions resulting from the crude approximation of 
modeling the curves locally by a series of Lorentzians.  
 
 
Fig 7. Emission intensity profiles for Cu (100) corresponding to emission from the top of the d-band (X5, Einitial= 
2.05 eV) and to emission from the highest binding energy band (X1, Einitial= 5.1 eV) at the X-point.  
 
Fig. 7 shows the corresponding emission intensity profiles for the (100) oriented crystal 
surface taken at an initial state energy of 2.05 eV, which corresponds to emission from the top 
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of the d-band (X5) at the X-point and at an initial state energy of 5.1 eV, which corresponds to 
the highest binding energy d-band emission at the X-point (X1). The most prominent feature is 
observed at a final state energy of about 88 eV for both initial states.  This is about 12 eV 
below the value determined by the admittedly crude approximation of free electron like final 
states.  
 
Figs. 8 and 9 show emission profiles corresponding to initial state energies of 2.8 eV (Fig.8) 
and 3.5 eV (Fig. 9). Nominally these initial state energies correspond to the emission from the 
Γ-point of the band structure. However the d-band dispersion is quite flat, such that at these 
initial state energies the assignment is not uniquely derived. Moreover, in the free electron 
final state approximation, which works quite well, as discussed above, for the L-point and the 
X-point, the Γ-point is reached at a final state energy around 41 eV for a (100) oriented 
crystal. The strongest features observed in Figs. 8 and 9 are at quite different final state 
energies. Remarkeably, there are quite strong and prominent transitions observed at several 
final state energies in these profiles. Here we are also interested in getting lifetime or self-
energy information for as many final states as possible and accordingly we include these 
transitions in the values listed in table 2. As the initial band dispersion in the d-bands is quite 
flat, the observed width of these structures is predominantly due to the self-energy/lifetime in 
the final state of the transition. Additionally the hole lifetime also contributes to these 
observed widths. However the hole lifetime is small, compared to the measured widths in the 
intensity profiles. According to published experimentally determined (49, 58) as well as 
theoretically calculated values (59,43) the hole lifetime broadening is about 70 meV at the top 
of the d-band and increases to 330 meV at the bottom of the d-band (X1. L1) due to an 
increasing d-d Auger decay rate for holes in the d-band with increasing binding energy. For a 
simple Fermi liquid this hole lifetime broadening would increase proportionally to (Eh-EF)2. 
Goldmann et al. (58) actually give an experimentally determined approximation for d-band 
holes in Cu as  
 
 
However we have to note here that the lifetimes determined by decoherence effects in fs laser 
photoemission (49) for the top of the d-band (X5) are about a factor of 3-4 longer than the 
ones determined by photoemission (54). 
  
 
 
Fig. 8 Intensity profile of the direct interband 
transitions observed for an initial state energy of 2.8 
eV for the Cu (100) oriented crystal 
Fig. 9 Intensity profile of the direct interband 
transitions observed for an initial state energy of 3.5 
eV for the Cu(100) oriented crystal 
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Nevertheless in comparison with the widths of the transitions observed in Figs. 6-9 the hole 
state width is negligible. The width of these transitions is largely determined by the final state 
lifetime width.  
 
The overall magnitude of the intensity variations observed in Figs. 6-9 is also worth a 
discussion. While the concept of the inelastic mean free path for electrons has been generally 
accepted, the data presented her clearly show that direct transitions dominate the picture up to 
kinetic energies of at least 100 eV. This can be extracted from the intensity variation observed 
when a direct transition is encountered. As documented in Figs. 6-9 the photoemission 
intensity changes by up to an order of magnitude when a direct transition is encountered. 
These electrons assigned to an interband transition have obviously not undergone inelastic 
scattering and their contribution dominates the spectra, even at kinetic energies around 50 to 
70 eV, where the inelastic scattering is supposed to be strongest and the inelastic path shortest.  
 
To summarize these observations we have plotted the width of the observed transitions as a 
function of final state energy in Fig. 10. In this figure we have omitted a few of the peaks 
listed in table 1 and 2, where the width is extremely large. In some instances there are 
indications that several transitions are not resolved. Even though the values plotted in Fig. 10 
display a lot of scatter, the overall trend indicates a monotonically increasing width of the 
final state lifetime broadening, but not necessarily a quadratic dependency as formulated 
earlier. There is no obvious dependence on crystal orientation, which is not unexpected. 
 
 
Fig.10 Lifetime width of the observed transitions as a function of the final state energy above EF for Cu(100) 
(red circles) and Cu(111) (green squares). The free-electron-gas model (blue line) was taken from Ref. (42) and 
the (grey) linear function is a guide to the eye. The yellow line shows the empirical estimate from Goldmann et 
al (46) and the dashed line is explained in the text. 
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Very low energy excited electrons within a few eV above EF display a very sharp drop in 
lifetime with increasing excitation energy and correspondingly a lifetime width which 
increases much stronger than linear (47-49). On the other hand, for the energy range from 20 
eV to above 100 eV the lifetime τ increases much less rapidly. Goldmann et al. (46) 
empirically determined a linear rise approximated as τ-1 = 0.13 (E - EF). This empirical 
relation is shown as a yellow solid line in Fig. 10. Also included in Fig. 10 is the lieftime as 
predicted by a free electron gas model (blue line) using the electron density of Cu as 
calculated by Echenique et al. (42). 
We consider it appropriate to view the lifetime width data in Fig. 10 as an upper bound of the 
actual lifetime or self energy in the final state of the photoemission process. Other factors 
such as phonon scattering or unresolved multiple transitions might lead to a measured width 
which is larger than the lifetime width. Therefore it might be appropriate to concentrate on the 
sharpest transitions observed, rather than all transitions. This is suggested by the dashed line 
in Fig. 10, which follows the relation τ-1 = 1.3 eV + 0.075 (E - EF). There is no thorough 
mathematical or physical derivation for this –– just an empirical estimate following the 
collection of data points near the lowest values. On the other hand, the lifetime as calculated 
for the free electron gas really does not reflect the behavior observed in our data. 
We have to add here that a lifetime which decreases linear with energy from 20 eV to above 
100 eV is not consistent with a minimum in the electron escape depth around 50 eV kinetic 
energy, since the approximate group velocity of the electrons increases proportional to E1/2. 
This is another manifestation that the transitions which are observed in the unscattered 
electron signal indeed do reflect bulk interband transitions and are not limited or distorted by 
the electron escape depth. 
 
 
Conclusions 
 
We have presented angle resolved photoemission intensity maps taken in the direction of the 
surface normal of a Cu(111) and a Cu(100) oriented crystal. These are intended to serve as a 
well-defined test case for full photoemission calculations as they have become possible 
recently. The Cu initial state electronic structure has been extremely well characterized in the 
past, but the data presented here aim at defining the final states participating in the 
photoemission process. 
The first and most important observation here is that up to at least 100 eV final state energy a 
multitude of clear and well-defined final states are observed in these photoemission spectra 
and even beyond these energies direct interband transitions are still detectable. The free 
electron like final state approximation works reasonably well as a first approximation, but on 
the other hand there are also other transitions, possibly due to Umklapp scattering, 
contributing to the spectra. Accordingly, when calculating photoemission spectra the full band 
structure has to be taken into account up to at least 100 eV photon energy. 
On the other hand, this is also the manifestation that band structure mapping by angle 
resolved photoemission indeed works as pronounced by the protagonists of this technique. 
Inelastic electron scattering, the so-called inelastic mean free path, does not overpower these 
observations. Inelastic scattering processes lead to a general increase in the (unassignable) 
background of the spectra. As the intensity variations demonstrate, even at kinetic energies 
around 50 to 70 eV, the direct transition related signal is a factor of 5-10 larger than the 
background. As long as these well-defined transitions are observed, these occur between 
initial states and final states inside the crystal and at its surface. Inside the crystal these are the 
final state bands of the band structure and in the surface region there are additional surface 
states and resonances as well as evanescent free electron states from the vacuum.  
 
 
 
 
Acknowledgment 
 
We thank the staff of the MLS, especially to H. Kaser, for the experimental and technical 
support. This research is funded by the Helmholtz Association of Research Centers in 
Germany within the program 'Structure of Matter'. 
 
 
References 
 
1. Photoemission and the Electronic Properties of Surfaces, edited by B. Feuerbacher, B. Fitton, and R. F. Willis 
(Wiley, New York, 1978) 
 
2. E.W. Plummer and W. Eberhardt, Angle-Resolved Photoemission as a Tool for the Study of Surfaces, 
Advances in Chemical Physics 49, 533 (1982) 
 
3. F.J. Himpsel, Adv. in Physics 32, 1 (1983) 
 
4. N. V. Smith, Rep. Progr. in Physics 51, 1227 (1988) 
 
5. S.D. Kevan (ed) Angle Resolved Photoemission—Theory and Current Applications (Studies in Surface 
Science and Catalysis Vol 74) (Amsterdam: Elsevier 1992) 
 
6. N. Martensson, P. Baltzer, P. Bruhwiler, J. Forsell, A. Nilsson, A. Stenborg, B. Wannberg, J. Electron 
Spectrosc. Rel. Phen. 70, 117 (1994) 
7. G.H. Fecher, A. Gloskowskii, K. Kroth, J. Barth, B. Balke, C. Felser, F. Schäfers, M. Mertin, W. Eberhardt, 
S. Mähl, O. Schaff , J. Electron Spectrosc. Rel. Phen. 156, 97 (2007) 
8. C.N. Berglund, W.E. Spicer, Phys. Rev. 136, A1030 (1964) 
9. G.D. Mahan, Phys. Rev. B2, 4334 (1970) 
10. J.B. Pendry, in Low Energy Electron Diffraction (Academic, New York (1974), p. 119)  
11. J. B. Pendry, in Photoemission and the Electronic Properties of Surfaces, edited by B. Feuerbacher, B. Fitton, 
and R. F. Willis (Wiley, 1978), p. 87  
12. J..B. Pendry, Surface Science 57, 679 (1976); Solid State Phys. 8, 2413 (1975) 
13. A. Liebsch, Phys. Rev. Lett. 32, 1203 (1974) and Phys. Rev. B13, 544 (1976)  
14. J. Hermanson, Solid State Comm. 22, 9 (1977) 
15. W. Eberhardt and F.J. Himpsel, Phys. Rev. B 21, 5572 (1980) 
16. M.S. Hybertsen and S.G. Louie, Phys. Rev. Lett. 55, 1418 (1985) 
17. J. Braun, J. Minár, H. Ebert, M. I. Katsnelson, and A. I. Lichtenstein, Phys. Rev. Lett. 97, 227601 (2006) 
18. P. O. Gartland, and B.J.Slagsvold, Phys. Rev. B12, 4047 (1975) 
19. J. Stöhr, G. Apai, P. S. Wehner, F. R. McFeeley, R.S. Williams, D. A. Shirley, Phys. Rev. B 14, 5144 
(1976).  
20. E. Dietz, R. Becker, U. Gerhardt, Phys. Rev. Lett. 36, 1397(1976) 
21. I. Lindau, P. Pianetta, K. Y. Yu, and W. E. Spicer, J. Electr. Spectrosc. 8, 487 (1976) 
22. L.F. Wagner, Z. Hussain, C.S. Fadley, Solid State Comm. 21, 257 (1977) 
23. P. Heimann, H. Neddermeyer, and H. F. Roloff, J. Phys. C10, 473 (1978) 
24. J.A. Knapp, F. Himpsel, D.E. Eastman, Phys. Rev. B19, 4952 (1979) 
 
25. P. Thiry, D. Chandesris, J. Lecante, C. Guillot, P. Pinchaux, Y. Petroff, Phys. Rev. Lett. 43, 82 (1979) 
 
26. S.G. Louie, P. Thiry, P. Pinchaux, Y. Petroff, D. Chandesris, J. Lecante, Phys. Rev. Lett. 44, 549 (1979) 
 
27. J. Tersoff, S.D. Kevan, Phys. Rev. B28, 4267 (1983) 
 
28. R. Courths, S. Hüfner, Phys. Rep. 112, 53 (1984) 
 
29. R. Paniago, R. Matzdorf, G. Meister, A. Goldmann, Surf. Sci. 331–333 1233 (1995) 
30. R. Matzdorf, Appl. Phys. A63, 549 (1996)  
 
31. S. Hüfner, R. Claessen, F. Reinert, T. Straub, N.V. Strocov, P. Steiner, J. Electron Spectrosc. Relat. Phenom. 
100, 191 (1999) 
 
32. F. Reinert, S. Hüfner, New Journal of Physics 7, 97 (2005) 
 
33. W. Eberhardt, E.W. Plummer, Phys. Rev. B21, 3245 (1980) 
 
34. L. Hedin, Phys. Scr. 21, 477 (1979) 
 
35. B.I.  Lundquist, Phys. Kond. Mater. 6, 193 (1967), and 7, 117 (1968), and 9, 2236 (1969) 
 
36. H.J. Freund, W. Eberhardt, D. Heskett, E.W. Plummer, Phys. Rev. Lett. 50, 768 (1983) 
 
37. F. Manghi, V. Bellini, J. Osterwalder, T.J. Kreutz, P. Aebi, C. Arangeli , Phys. Rev B59, R10409 (1999) 
38. A. I. Lichtenstein, M. I. Katsnelson, and G. Kotliar, Phys. Rev. Lett. 87, 067205 (2001) 
39. S. Biermann, F. Aryasetiawan, A. Georges, Phys. Rev. Lett. 90, 086402 (2003) 
40. J. Sánchez-Barriga, J. Fink, V. Boni, I. Di Marco, J. Braun, J.Minár, A. Varykhalov, O. Rader, V. Bellini, F. 
Manghi, H. Ebert, M. I. Katsnelson, A. I. Lichtenstein, O. Eriksson, W. Eberhardt, H. A. Dürr, Phys. Rev. Lett. 
103, 267203 (2009) 
 
41. N.V. Smith, P. Thiry, Y. Petroff, Phys. Rev. B47, 15476 (1993) 
 
42. P.M. Echenique, J.M. Pitarke, E.V. Chulkov, A. Rubio, Chem. Phys. 251, 1 (2000) 
 
43. Z. Yi, Y. Ma, M. Rohlfing, V.M. Silkin, E.V. Chulkov, Phys. Rev. B81, 125125 (2010) 
 
44. S. Heers, P. Mavropoulos, S. Lounis, R. Zeller, S. Blügel, Phys. Rev. B86, 125444 (2012)    
 
45. F.J. Himpsel, W. Eberhardt, Solid State Commun. 31, 747 (1979) 
 
46. A. Goldmann, W. Altmann, V. Dose, Solid State Comm. 79, 511 (1991) 
 
47. E. Knösel, A. Hotzel, T. Hertel, M. Wolf, G. Ertl,  Surf. Sci. 368, 76 (1996) 
 
48. U. Höfer, I.L. Shumay, Ch. Reuß, U. Thomann, W. Wallauer, Th. Fauster, Science 277, 1480 (1997) 
 
49. H. Petek, H. Nagano, S. Ogawa, Phys. Rev. Lett. 83, 832 (1999) 
 
50. J. Kliewer, R. Berndt, E.V. Chulkov, V.M. Silkin, P.M. Echenique, S. Crampin, Science 288, 1399 (2000)  
 
51. C. Lupulescu,  T. Arion, U. Hergenhahn, R. Ovsyannikov, M. Förstel, G. Gavrila, W. Eberhardt,  
J. Electr. Spectrosc. Rel. Phenom. 191, 104 (2013) 
 
52. A. Gottwald, R. Klein, R. Müller, M. Richter, F. Scholze, R. Thornagel, and G. Ulm,  
Metrologia 49, 146 (2012) 
 
53. D.M. Neumann, C. Cobet, H. Kaser, M. Kolbe, A. Gottwald, M. Richter, N. Esser  
Rev. Sci. Instrum. 85, 055117 (2014) 
 
54. G.A. Burdick, Phys. Rev.129,138 (1963) 
 
55. P. Heimann, H. Miosga, H. Neddermeyer, Solid State Comm. 29, 463 (1979) 
 
56. M. Pessa, M. Lindroos, H. Asonen, N.V. Smith, Phys. Rev. B25, 738 (1981) 
 
57. M. Iwan, F.J. Himpsel, D.E. Eastman,  Phys. Rev. Lett. 43, 1829(1979) 
 
58. A. Goldmann, R. Matzdorf, F. Theilmann, Surf. Sci. 414, L932 (1998) 
 
59. V.P. Zhukov, E.V. Chulkov, P.M. Echenique, Phys. Rev. B68, 045102 (2003) 
 
  
 
 	  
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 	  	  	  	  	  	   	  
	  Table	  1:	  Fit	  parameters	  for	  all	  transitions	  observed	  for	  Cu	  (111)	  oriented	  crystal	  (see	  Fig.	  6).	  These	  Lorentzians	  serve	  as	  local	  approximations	  to	  the	  observed	  intensity	  profiles	  and	  are	  included	  as	  blue	  curves	  in	  Fig.	  6	  	  	  	  
Cu (111)
Peak Location (eV) FWHM (eV)
cut at 5.4 eV 1 19,415 12,602
2 23,282 3,965
3 28,122 2,588
4 32,225 8,502
5 47,194 9,189
6 62,287 8,503
7 66,714 6,563
8 75,992 9,135
9 82,079 12,993
10 86,774 12,998
cut at 2.2 eV 1 24,033 13,659
2 26,701 3,486
3 47,171 8,581
4 57,969 8,012
5 66,387 9,393
6 73,891 5,219
7 79,562 5,375
8 87,168 12,727
9 112,120 4,738
10 116,820 12,994
cut at 2.8 eV 1 25,888 5,486
2 30,048 3,611
3 36,894 7,932
4 42,881 9,000
5 56,454 4,615
6 93,152 11,175
7 116,15 17,691
8 131,02 6,474
cut at 0.35 eV 1 22,977 6,499
2 29,278 8,844
3 33,062 5,437
4 47,218 14,725
5 57,107 8,269
6 65,720 9,350
7 71,031 9,389
8 79,474 12,624
9 86,054 11,577
	  	  
	  Table	  2:	  Fit	  parameters	  for	  all	  transitions	  observed	  for	  Cu	  (100)	  oriented	  crystal	  (see	  Fig.	  7	  –	  Fig.	  9).	  These	  Lorentzians	  serve	  as	  local	  approximations	  to	  the	  observed	  intensity	  profiles	  and	  are	  included	  as	  blue	  curves	  in	  Figs.	  7-­‐9	  	  
Cu (100)
Peak Location (eV) FWHM (eV)
cut at 5.1 eV 1 19,388 11,381
2 82,815 8,366
3 88,919 9,276
4 98,750 5,901
5 102,120 4,935
6 116,390 24,461
cut$at$2.05$eV 1 14,646 3,663
2 46,720 11,719
3 56,489 6,059
4 63,594 13,692
5 82,716 7,691
6 88,130 7,924
7 99,780 3,302
8 104,140 8,943
9 116,640 20,928
cut$at$2.8$eV 1 18,697 6,646
2 26,600 9,617
3 77,162 13,216
4 90,402 8,195
5 99,470 7,000
6 119,050 8,913
7 127,200 10,898
cut$at$3.5$eV 1 22,111 8,553
2 37,722 8,391
3 49,290 13,979
4 68,525 5,605
5 73,116 6,276
6 77,909 8,699
7 87,562 10,329
8 100,830 8,402
9 118,930 16,911
10 127,090 12,800
